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Abstract 
Chemical-looping combustion (CLC) has emerged as a promising and low cost carbon capture process which 
produces a pure stream of CO2. In CLC, oxygen from a solid oxygen carrier (OC) is used to combust fuels. Iron 
oxide is a promising material, being relatively cheap and environmentally benign. The thermodynamics of the Fe-
O system allows reduced iron oxides to be also used for partial oxidation or hydrogen production. However, pure 
Fe2O3 has the problem of degradation in reactivity over repeated CLC cycles. This work is concerned with inclusion 
of a suitable CaO support material within the Fe-based OCs to increase its strength and cycle ability. OCs were 
made from Fe2O3 powder by granulation and followed by impregnation with Ca(NO3)2.4H2O.  The reactivity and 
cyclic stability of the OCs were tested by being subjected to alternating reducing (using H2 or CO) and oxidizing 
environments (using air and / CO2) for many cycles, in a thermogravimetric analyser and a fluidized bed reactor at 
850-950°C. It was found that, for samples with a range of loading of CaO, from 2 to 30 mol%, the one containing 
20 mol% CaO showed optimal performances, whereas others showed improvements in oxygen carrying capacity, 
cyclic stability and reactivity over unmodified iron oxide but to a lesser extent.  
 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
In recent years, there has been a growing global desire to reduce carbon emissions from the combustion of fossil 
fuels. One of the solution to a low-carbon economy, whilst meeting the existing demand for energy by utilizing 
fossil fuels, is the carbon capture and storage (CCS) scheme.[1] However, mature carbon capture technologies such 
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(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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as amine-scrubbing and oxy-fuel combustion require an additional step of gas separation, which impose a 
considerable penalty to the overall economics of a power plant.[2] Chemical-looping combustion (CLC), on the 
other hand, offers the possibility of combusting fossil fuels whilst producing a pure stream of CO2 without 
additional cost of gas separation and thus reduce the operational cost.[3] In CLC, direct contact between air and 
fuel is prevented, and oxygen is transported from air to fuel using solids known as oxygen carriers, which is 
typically an oxide of a transition metals, such as Ni, Fe, Cu, Mn and Co. [4] Amongst various candidates of oxygen 
carriers for CLC, iron oxide (Fe2O3), being relatively cheap and environmentally benign, is a promising material. 
Iron oxide is also a potential material for H2 production, since Fe and FeO can be oxidised with steam to produce 
H2.[5] 
Unmodified (i.e. pure) Fe2O3 OCs have been shown to be unsuitable, with the material losing activity during 
cycling, and being prone to agglomeration at high temperatures.[6],[7] Addition of an active or inert support 
material to the Fe2O3 can improves the reactivity, stability and over repeated cycles of oxidation and reduction, and 
improve resistance to agglomeration (e.g. Fe2O3 supported on Al2O3 [8]and Fe2O3 supported on MgAl2O4 [9]).  
Here we investigate the performance of iron oxide oxygen carrier particles which have been modified by the 
addition of calcium oxide. Calcium oxide has well known interactions with iron oxide and the thermodynamics of 
the Ca-Fe-O system are available in the literature. CaO is cheap and more recent work by Bao et al. [10] has shown 
that addition of foreign ions such as Ca2+, Na+ and K+ enhanced the reactivity of Ilemenite (an iron based mineral 
– FeTiO3) in looping reactions. Since CaO is often used as a fluxing agent in steel making, it might be expected 
that it’s addition to the iron oxide might worsen sintering. Wright [11] found additions of CaO (0.5 and 2.0wt %) 
to  Fe2O3 did not affect the sintering rate below 1226oC, on the other hand,  Fan et al. [12] reported that CaO 
retarded the reduction of Fe2O3 during hot gas desulfurization in reducing atmospheres. 
 
Figure 1: An oxygen potential vs composition phase diagram of the Ca-Fe-O system at 900°C. The ‘×’ marks on the X-axis denote the 
compositions of the oxygen carriers investigated in this study. The phases are denoted as combinations of sub-lattice species, abbreviated as: 
C = CaO, F = Fe2O3, W = FeO. For example, CF is CaFe2O4 (CaO-Fe2O3) and CWF is CaO-FeO-Fe2O3. 
 
The equilibrium oxygen partial pressure - composition (
2O
p - C) diagram of Fe-Ca-O system are useful for 
chemical looping as they indicate which phases might form at different points it oxidation reduction cycle. It is 
also possible to identify phase transitions (e.g. Fe2O3 to Fe3O4) with a high value
2O
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almost complete combustion of a fuel, and those with lower values of 
2O
p  which will not give complete 
combustion, but can be reversed by oxidation with steam to produce H2 (as in the steam iron process).[13] The 
detailed 
2O
p - C diagrams for the Fe-Ca-O system were constructed using MTDATA (Thermodynamics and phase 
diagram modelling software, NPL, UK).[14] [15] The form of the 
2O
p vs composition diagram for the Fe-Ca-O 
system at 900°C is shown schematically in Figure 1. The form of the phase diagrams does not vary significantly 
with temperature over the range of interest, though obviously with the values of 
2Op associated with each phase 
transition changing with temperature.  
 
2. Experimental 
 
2.1. Preparation of Oxygen Carriers  
 
Mechanical mixing for Fe2O3 particles: Mechanically-mixed particles of Fe2O3 were prepared by spraying de-
ionised water on Fe2O3 powders and stirring the mixture. The resulting agglomerates were sieved to obtain particles 
with a size fraction 425 - 500 μm and then were sintered at 900°C for 3 hours in air. The sintered particles were 
sieved again to ensure particles of the desired size fraction. 
Addition of CaO to Fe2O3: A wet-impregnation method was used for doping of CaO to the Fe2O3 particles 
described above. A calculated amount of CaO, in the form of 0.25 M aqueous solution of Ca(NO3)2.4H2O, was 
added to the particles of Fe2O3 particles. After drying, the impregnated materials (as well as the undoped calcined 
Fe2O3 as a control) were further calcined at 900°C for 3 hours and re-sieved to a size fraction 425-500 μm prior to 
experiments. Particles with four different molar ratio of Fe2O3 to CaO, viz, 98 : 02, 90 : 10, 80 : 20 and 70 :30 were 
prepared. For brevity, these materials are denoted as FC02, FC10, FC20 and FC30, respectively, and the 
unmodified Fe2O3 oxygen carrier is denoted as FC0. 
 
2.2. Performance analysis in oxidation and reduction cycles  
Thermogravimetric analysis: In all TGA (Mettler Toledo TGA-DSC 1) experiments, a continuous flow of zero 
grade N2 gas (Spectra shield BOC) was supplied through each of protective gas port and purge gas ports. The flow 
rate of all gases entering each of the three inlets to the TGA (protective, purge and reactive ports) was kept at  50 
ml/min (at SATP) at all cases. 
To study redox behaviour of the particles, samples of the oxygen carrier (~30mg) were heated to 900oC at a heating 
rate of 50oC/min in air, and the samples then exposed (isothermally) to alternating atmospheres of 5 vol% H2 in N2 
or  air, which were fed through the reactive gas port of the TGA. Between the reducing and the oxidising 
atmosphere, the reactive gas line was purged with N2 for 2 min. 
 
Cycling experiments in a fluidised bed 
 
A fluidized bed reactor was used to study the performance of oxygen carriers, as shown in Figure 2. The tube 
reactor was made of a re-crystallized Al2O3 (i.d. 19.5 mm; length 720 mm). In a typical experiment, the fluidised 
bed contained 20 ml of Al2O3 sand (dp ~400 μm).  
During a typical cycling experiment, the inert bed of alumina sand fluidised by N2 was heated to and maintained 
at desired temperature followed by the addition of 1.0 g oxygen carrier particles. The total flow rate of all gases 
was nominally 1.8 L/min (NTP),which was corresponds to U/ Umf, ≈ 7.0 at 850°C, where U is the superficial 
velocity of the fluidised gas and Umf is the minimum fluidisation velocity, calculated using Wen and Yu[16] 
correlation. The effluent gas was sampled and analysed continuously by a non-dispersive infrared analyser (NDIR, 
Uras26, EL3020, ABB).  
Cycling experiments in the fluidised bed were performed isothermally between 850oC and 950oC at atmospheric 
pressure. Each cycle consisted of reduction with 10 vol% CO in N2, partial oxidation with 20 vol% CO2 in N2, 
oxidation with air; between each stage the reactor and gas lines were purged with N2. To collect the samples from 
the reactor, a stainless pipe (3mm i.d) was inserted into the fluidised bed and some of the sample was sucked into 
a container under vacuum. During the quenching of the sample, a flow of N2 (2.0 L/min) was maintained to the 
reactor.               
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Figure 2: Schematic diagram of the fluidised bed reactor system 
 
3. Results 
3.1. X-ray diffraction patterns of the fresh OCs / Characterisation of ferrite in OCs  
Figure 3: XRD spectra of fresh FC0, FC02, FC10, FC20, FC30 OCs and CaFe2O4 (PNMA ICSD- 16695). 
 
During calcination, the Ca(NO3)2.4H2O, added to the particles should first decompose to give CaO, which will 
react with Fe2O3 to form  mono-calcium ferrite CaFe2O4 and Fe2O3 (according to the phase diagram in Figure 1). 
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The XRD patterns of freshly prepared FC0, FC02, FC10, FC20 and FC30 are shown in Figure 3. For comparison, 
the reference XRD pattern of CaFe2O4 (PNMA ICSD- 16695) is also presented. 
Only non-overlapped CaFe2O4 peaks in the FC02, FC10, FC20 and FC30 were marked by ‘2’. The unmarked 
peaks on the XRD patterns of correspond only to Fe2O3 (and overlapping CaFe2O4 ) with no free CaO detected, 
indicating that all the CaO obtained from decomposition of calcium nitrate reacted with Fe2O3 to form CaFe2O4. A 
gradual increase of intensities of the ferrite peaks with the increase of amount of CaO addition in the oxygen 
carriers can be seen in Figure 3.  
 
3.2. Stability of the oxygen carriers in cycling experiments 
A typical concentration profile of the effluent gas from the fluidised bed at 850°C during a cycling experiment is 
depicted in Figure 4. Here, for simplicity, materials capacity for hydrogen production was investigated using CO2 
instead of steam was used to oxidise the reduced Fe and or wüstite to magnetite. Oxidation of Fe or FexO to Fe3O4 
with CO2 is roughly thermodynamic equivalent to steam oxidation at 850ºC[17], as the equilibrium constant for 
the water-gas shift reaction at this temperature is close to unity.  
 
Figure 4: Concentration profiles of the off gases during the 1st and 2nd cycles when FC20 OCs was exposed to a fluidised bed for cycling 
experiments at 850ºC. The blue line and the red line are correspond to the mole fractions of CO and CO2, respectively. Cycling conditions-10 
vol% CO in N2: 13 min, 20 vol% CO2 in N2: 13 min and air: 8 min. Between each step, there was a purge of 2 minutes with N2. 
 
The oxygen-carrying capacity of the iron oxides was reflected by the yield of CO2 produced during reduction and 
the yield of CO produced during oxidation by CO2 in each cycle. These yields were calculated from profiles of 
concentrations of the off-gases, using:  
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ratio of the total moles of CO2 produced in a cycle during reduction to the stoichiometric amount if all Fe(III) is 
reduced to Fe, viz. 18.75 mmol / g Fe2O3. In cases when an air oxidation stage was excluded in each cycle, the 
stoichiometric yield of CO2 (i.e.
2COX = 1) is 16.67 mmol CO2/g. 
 
The normalised yield of CO produced during oxidation with CO2 was calculated using,   
³u dtyNN COTCO        (3) 
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where, CON is the moles of CO produced in each cycle; COy is the gas phase mole fraction of CO measured by 
the gas analyser. Thus, oxX' is the ratio of the total moles of CO or H2 equivalent produced in a cycle to that 
theoretically possible if all of the iron oxide in the particle was reduced to fully to Fe, then oxidised to Fe3O4 , 
viz.16.67 mmol /g Fe2O3 by CO2 or steam.  
The cumulative amount of CO2 released during each of the 20 cycles of reduction is shown in Figure 5. 
 
Figure 5: Yield of CO2 during reduction of FC0, FC02, FC10, FC20 and FC30 (In all cases, the particles size was 425–500μm) by 10 vol% 
CO in N2 at 850oC in fluidized bed experiments. Cycling conditions-10 vol% CO in N2: 13 min, 20 vol% CO2 in N2: 13 min and air: 8 min. 
Between each step, there was a purge of 2 minutes with N2. 
It is seen from the Figure 5 that CaO addition stabilize the particles for looping reaction over many cycles and 
resulted in an improved CO2 yield compared to that of pure Fe2O3. In case of FC0, 88% of the theoretical yield of 
CO2 was obtained at 1st cycles in 13 min, but the yields then fell drastically from the 2nd cycle, stabilising a low 
level. Bohn et al.[18] also observed that in case of unmodified iron oxide, the reduction of Fe2O3 to Fe results in 
rapid deactivation of the material. In contrast, the amount of CO2 produced by each of the CaO doped oxygen 
carriers during the reduction was higher than that produced by pure Fe2O3 (in the 2nd and subsequent cycles). 
However, the CO2 production was less than that of theoretical expected (i.e., 18.62, 18.06, 17.24 and 16.3 mmol 
for FC02, FC10, FC20 and FC30, respectively). Among the CaO doped particles prepared in this study, FC20 
showed the best stability in CO2 production, i.e., syngas conversion. FC20 particles showed more than 5 times the 
oxygen transport capacity of the undoped Fe2O3 after 20 cycles. 
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The redox behaviour of the particles also varied with reaction temperature. The reduction of FC20 particles at three 
different reaction temperature is shown in Figure 6. The particles showed better yields at 900°C, however, rapid 
degradation of the oxygen carrying capacity was observed at 950°C. 
 
Figure 6: Yield of CO2 produced by the FC20 in each cycle during reduction at 850°C, 900°C and 950°C in the fluidised bed. 
Figure 7 shows the oxidation conversion (for Fe o Fe3O4 oxidation) for each cycle. As seen in Figure 7, the yield 
of CO during oxidation was very low for pure iron oxide. In fact, the amount of oxygen transferred during the re-
oxidation with CO2 follows the same pattern as amount of oxygen transferred during the preceding reduction.  
 
 
Figure 7: The yield of CO during CO2-oxidation of reduced FC0, FC02, FC10, FC20 and FC30 in fluidized bed at 850oC. Reduction was 
done with 10 vol% CO in N2 for 13 min and oxidation with 20 vol% CO2 in N2 for 13 min followed by 8 min air oxidation. 
It should be noted that since all the experiment in this study were carried out for a fixed period of time, hence, the  
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amount of oxygen transferred during a cycle is actually very crude measure of the overall kinetics of either 
oxidation and reduction, and how these change with cycling.  
 
3.3. Redox cycles study in TGA 
 
Multiple redox (O2 release and storage) cycles of OCs were performed in TGA at 900°C. The reduction (in 5 vol% 
H2 in N2) time was 40 min and the oxidation (with air) time was 40 min. For these experiments the conversion 
during reduction is defined here as Xred = (mo – m)/ maxm' , and for oxidation: Xox = 1 – Xred, where m is the 
measured mass of sample, mo is the mass of the fully oxidised sample (i.e. initial mass) and maxm' is the mass 
change expected if the all of Fe3+ in the sample is reduced to metallic Fe (based on the nominal composition). The 
cyclic redox behaviour of FC0, FC10, FC20 and FC30 OCs for 50 cycles in TGA is shown in Figure 8. The 
particular conditions used were  
chosen so that for FC0, most of the iron oxide reduced to Fe. 
Figure 8: 50 cycles redox behaviour of FC0, FC10, FC20 and FC30 OCs a) during the reduction with 5% H2 balance with N2 for 80 min and 
b) oxidation with air for 40 min in TGA experiments at 900°C. Before each steps there was a purging stage of 2 min with N2. 
 
The unsupported FC0 showed 95.0% conversion (i.e., 28.5 wt.% mass loss of OCs) during the reduction in 1st 
cycle but the oxidation conversion had only reached 24.2% after the 40 min allowed for the subsequent oxidation. 
This means that if pure iron oxide is reduced to iron (~30wt% mass loss), the particles deactivated after 1st cycle 
and the re-oxidation becomes difficult.  
In contrast, addition of 10, 20 and 30 mol% CaO to iron oxide stabilized the redox cycling up to 10, 31 and 23 
cycles, respectively, and then the decrease in conversion was observed. For instance, 97% of available oxygen was 
released by FC20 particles during 80min reduction in the 1st cycle, at 32th cycle the conversion was 95% and at 
50th cycle the conversion was 81%. The reduced particles was completely oxidized to their initial state up to 30 
cycles although the time required for re-oxidation of the OCs increased from 500sec to 1500sec. After that a gradual 
decrease in oxidation conversion was found in the FC20 particles.  
3.4. Characterisation of the oxygen carriers after cycling in a fluidised bed 
The physical and chemical changes of the OCs particles during redox reactions were studied. The SEM images, 
BET surface area and XRD patterns of the both fresh and cycled in a fluidised bed particles were compared. Here, 
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special attention was given to FC20 as these materials showed better performance both in fluidized bed and TGA 
cycling experiments. The SEM images of the freshly calcined FC20, after 20 cycles (in Fluidized bed at 850oC) air 
oxidised form are shown in Figure 9. The freshly prepared FC20 particles have high surface area (images ‘a’) but 
a significant change in surface morphology was found in air oxidized OCs after 20 cycles at 850°C. Over 
continuous and long term cycling, sintering results in the growth of larger grains which gradually reduce the surface 
area available for reaction. The XRD patterns of the materials after cycling (and after oxidation in air) are shown 
in Figure 10 (overlapped peaks are not marked), and show that the material did not fully oxidise back to the initial 
mixture of CF and Fe2O3. 
 
 
Figure 9: SEM images of external surfaces of a) freshly prepared FC20 and b) after 20 cycles air oxidized form OC at 850oC in fluidized. 
 
Figure 10: XRD spectra of 20 cycled air oxidized samples of FC0, FC02, FC10, FC20 and FC30 OCs. The cycling condition was: reduction 
by 10 vol% CO for 13min, oxidation by 20 vol% CO2 in N2 followed by air oxidation for 8 min at 850oC in fluidized bed experiments. 
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4. Discussion  
 
The addition of Ca to Fe-oxide suppressed the sintering of the host oxide. Consequently, the decrease in the surface 
are of iron oxide through repeated cycles was mitigated by the additive. The BET surface are of pure iron oxide 
after 10 redox cycles was 0.1 m2/g whereas CaO (20 mol%) modified Fe-oxide preserved still retained some surface 
area 0.4 m2/g after 10 cycles. 
The presence of notable sintering was found (not shown here) in the unmodified Fe-oxide after 10 cycles. In 
contrast, comparatively less sintering was observed in the FC20 even after 20 cycles at 850°C (Figure 9.b) This 
observation suggested that CaO mitigated the coagulation of Fe-oxide grains during the cycling experiments. All 
the spectra of the cycled air oxidized particles presented in Figure 10 showed the diffraction peaks due to FeO and 
Fe3O4 along with the Fe2O3. The presence of these peaks indicating that complete re-oxidation was not possible in 
the time allowed.  
 The CO2 yield in each of 20 cycles during reduction by CaO modified Fe2O3 (as shown in Figure 5) was less than 
the theoretical yield, but still significantly higher than those of unmodified iron oxide, even accounting for the 
presence of “inert” CaO. These results suggested that addition of calcium ions (alkaline earth metal) to Fe2O3 
particles prevented the degradation of the oxygen carriers’ reactivity during cycles. Liu & Zachariah[19] noted that 
addition of alkaline ions slowed the degradation of activity of the Fe2O3 and Al2O3 doped Fe2O3 in CO2 yield during 
the reduction at 750 - 950 oC. 
In CLC, one of the major challenges for continuous operation in fluidized bed is agglomeration resulting from 
sintering of OCs at higher temperatures. Pieneu et al. [20] experimentally showed that the gradual agglomeration 
and sintering in the pure iron oxide occurred during the reduction of Fe3O4  to FeO at ~760oC and above 
temperature. A very rapid defludization as well as agglomeration was observed by Cho et al.[21], especially at 
950oC during the wustite formation. In this study, severe agglomeration as well as sintering was observed for FC0 
even after the 1st cycle. In CaO modified particles, a gradual decrease in agglomeration in the 20 cycled particles 
(as in Figure 5) were observed from FC02 to FC30. Severe agglomeration was also found when the cycling 
experiments were carried out at temperatures above 900oC. 
Attrition of the OCs over the cycling also a common problem is the fluidized bed experiments. In this study, over 
13 hours of  cycling experiment as shown in Figure 5, about 9 wt% of the initial mass of FC0 OCs was elutriated 
due to attrition, however,  the value was found 5 wt%, 4 wt%, ~3 wt% and ~3 wt% in FC02, FC10, FC20 and 
FC30, respectively. Such large attrition losses make these particular particle unsuitable for use in a fludised bed 
process, but could be used in other reactor configurations. 
 
5. Conclusion   
 
A potential candidate of mixed oxides OCs carriers was developed through wet-impregnation method for CLC 
process. Experimental results indicated that CaO modified Fe2O3 OCs showed better reactivity both in reduction 
and oxidation and prolonged stability during cycling reactions compared to unmodified Fe2O3. The addition of 
CaO to Fe2O3 leads to the formation of CaFe2O4 and the role of this phase during the redox reactions needs further 
investigation. All the modified particles are suitable for chemical looping hydrogen production, a technique highly 
attractive to the realization of a hydrogen economy.  
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